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ABSTRACT: Optical birefringence measurements are used to characterize how the mo-
lecular order of spider (Nephila clavipes) major ampullate silk is affected by linear
spinning rate, by the extent of post-spin drawing, and by post-spin drawing rate.
Results are interpreted qualitatively in terms of a simple microstructural model, in
which birefringence depends on both the overall degree of molecular orientation and the
extent to which crystalline regions are present. In contrast to the behavior of conven-
tional, synthetic polymers, birefringence is found to be an unreliable predictor of tensile
stiffness: microstructural changes that lead to increased birefringence may leave stiff-
ness unchanged or, in some cases, lower than before. It is unlikely that economic
processing of silk-like polymers into fiber that exhibits biomimetic tensile properties
can be achieved with spinning followed by drawing, or with a single spinning step.
Instead, spinning followed by thermochemical treatment under load may be needed to
obtain the critical combination of molecular orientation and crystallinity in commer-
cially satisfactory time scales. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 72: 895–903,
1999
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INTRODUCTION

Spider major ampullate silk (MAS) exhibits an
impressive combination of tensile strength, stiff-
ness, and toughness.1 As a result, efforts have
been made by several investigators to character-
ize the hierarchical molecular order in this mate-
rial2–10 and to relate molecular order to mechan-
ical properties.11,12 Studies have focused on the
microstructure of silk spun at rates comparable
with those used in web building (; 1 cm s21).
Little attention has been paid to the underlying
physical process variables, such as changing the
linear spinning rate or subjecting the fiber to a
post-spin draw in the solid state. Such knowledge

would be useful in attempts to develop biomimetic
fibers that reproduce or perhaps even exceed the
outstanding tensile properties of natural silk.

Conventional manufacture of synthetic fibers
depends on one or more post-spin drawing proce-
dures for introducing most of the molecular align-
ment preserved in the product.13 In contrast, silk-
spinning organisms make do with a single pro-
cessing step, because the conditions under which
they have to produce fiber preclude post-spin
drawing. Spinning rates for a given type of silk
can be highly variable, fluctuating between zero
and several centimeters per second, while consis-
tently delivering a material with dependable
properties. Spiders hook a leg around the dragline
to pull it out of the spinneret during web building,
or they use their weight when spinning dragline
to escape a predator, or they may simply depend
on air currents to catch the extruded silk when
spinning dragline for use in “ballooning.”14 Silk-
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worms have to keep moving to pull their cocoon
silk from the spinneret; again, the spinning rate
fluctuates, and there is no post-spinning draw. It
is apparent, therefore, that the processing condi-
tions used to optimize molecular order and me-
chanical properties in typical synthetic polymer
fibers may not be similarly applicable in the con-
text of silk-like polymers.

EXPERIMENTAL

Collecting Spider MAS

MAS was reeled from mature Nephila clavipes
spiders at forced rates of 0.5 cm s21 and 10 cm
s21. These represent extremes in the range of
spinning rates at which functional MAS fiber is
produced naturally. The low rate is typical for
web building, whereas the high rate pertains to
controlled vertical descents made by spiders elud-
ing predators. The procedure for “silking” spiders
was adapted15,16 from a widely cited method.17

For the present experiments, single major ampul-
late fiber was collected from the spider onto a
rotating and simultaneously translating Teflon
mandrel.

Lengths of silk were then transferred from the
mandrel onto pieces of card for storage, maintain-
ing some slack between the card and the mandrel
to avoid stretching the fiber. Black card was used
to provide a contrasting background against
which the silk could most easily be seen. Card
dimensions were ; 4 cm 3 10 cm. Edges were
masked with adhesive tape to prevent the silk
from snagging.) The fiber was wound parallel to
the long direction of the card, taking care to leave
a space between each turn. Each card could hold
; 2 m of silk. After the transfer was completed,
two small tabs of tape were placed on the silk
fiber leading from the mandrel, and the silk was
cut between them. In this manner, the ends of the
cut silk could be located easily. The tab on the silk
connected to the card was taped to the card,
whereas the tab on the silk connected to the man-
drel was used to start another card. The cards
were stored in air-tight containers in a dark loca-
tion.

Post-spin Draw

Again, taking care not to stretch the fiber, lengths
of MAS were transferred from the storage cards to
sample holders prepared from graph paper (Fig-

ure 1). The fiber was secured across a 5 cm “win-
dow” cut in the graph paper, using first double-
sided adhesive tape and then cyanoacrylate su-
perglue to prevent slippage when the samples
were strained. Lines on the graph paper border-
ing the “window” served as guides in orienting the
fiber. The 5-cm gauge length always contained
only material that had been stored against the
flat sides of the cards; 5 cm is consistent with
studies11,18 that characterized the tensile me-
chanical properties of spider MAS. The double-
sided tape and superglue were covered with insu-
lating tape to provide a rubberized surface for the
mechanical grips of the tensometer to hold.

Single-fiber samples and their holders were
mounted in an Instron model 1026. A straight

Figure 1 Steps in preparing MAS samples for post-
spin drawing.
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vertical edge and oblique lighting were used to
ensure that fibers were oriented vertically, after
which the sides of the sample holder were cut
away [Figure 1(d)]. Samples were strained at
controlled, constant rates of either 1 mm min21

(3.3 3 1024 s21) or 100 mm min21 (3.3 3 1022

s21) to engineering (nominal) strains of 5%,
10%, 15%, or 20%. Because many samples broke
at between 15% and 20% strain, we only quote
behavior for strains up to 15% in our results.
Laboratory temperature and humidity re-
mained approximately constant at 21 6 1°C and
62 6 3%, respectively.

Molecular Order

Sections of the strained samples were retrieved
onto standard glass microscope slides. Apart
from ensuring that samples are not lost, the
method of transfer (Figure 2) keeps samples
straight, which facilitates characterization of
molecular order by light microscopy. Also, the
samples as held are unable to undergo macro-
scopic retraction, which limits the rate at which

molecular alignment introduced by drawing can
subsequently relax.

Optical retardation of strained samples was
measured by the de Sénarmont method19 on
an Ultraphot II light microscope (Carl Zeiss,
Oberkochen/Württemberg, Germany). The de Sé-
narmont method is especially well suited to mea-
suring small retardations and small changes in
retardation: even though the silk samples exhibit
a high degree of molecular anisotropy, the retar-
dation values are low because the samples are
thin. Measurements were performed within 10
min of straining.

To convert optical retardation into birefrin-
gence, it is necessary to divide by the sample
thickness. Thickness was measured with a cali-
brated eyepiece graticule. Because the cross-sec-
tional geometry of MAS can vary along even short
lengths of fiber,20 all birefringence results quoted
herein are averages. At each of three locations
along the sample, the retardation and diameter
were measured three times. These data were used
to calculate nine values of birefringence, from
which the average was obtained.

Controls

We must consider the possibility that molecular
alignment in as-collected N. clavipes MAS might
relax, in which case the timing of experiments
conducted on this material would become impor-
tant. Control experiments were therefore per-
formed (C. Viney and K. Kerkam, Department of
Materials Science and Engineering, University of
Washington, Seattle, WA) to monitor the birefrin-
gence of as-collected fiber over extended periods of
time. The collection procedure was similar to that
described herein, but only short lengths of fiber
were reeled, and these were transferred directly
onto glass microscope slides for retardation mea-
surement. Initial retardation measurements
could be made within 5 min of the silk being
collected. A Berek compensator (less accurate
than the de Sénarmont method, but requiring less
time to obtain readings21) was used in these con-
trols.

Finally, we also performed controls to deter-
mine whether the birefringence changes with
time in samples that have been subjected to post-
spin drawing. Samples strained to 15% and used
in the main series of experiments, were retained
on their glass slides, and their birefringence was
measured again 1 month later.

Figure 2 Steps in retrieving strained MAS for bire-
fringence characterization by light microscopy.
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RESULTS AND DISCUSSION

Background to Interpretation

The birefringence exhibited by silk fiber cannot be
linked to a single microstructural variable. At
least two types of microstructural change are
known to occur when N. clavipes MAS is strained
past its yield point. There is an increase in the
overall degree of molecular alignment.10 Also, X-
ray diffraction suggests that the size of the (most
highly) ordered regions in MAS is reduced by
strain10; we would expect the internally less well-
ordered nonperiodic lattice (NPL) crystallites7,8

to be even more susceptible to degradation when
deformed.

An increase in the degree of polymer chain
extension and orientation throughout the micro-
structure will lead to a higher value of birefrin-
gence, as the distribution of polarizable bonds
becomes more anisotropic. Succinctly: increased
orientational order leads to increased birefrin-
gence.

In contrast, if chains are parallel and able to
develop lateral registry, the resulting crystals
should have a lower birefringence than a similar
volume of aligned but noncrystalline polymer.
When b-sheet-ordered regions (either conven-
tional crystals or NPL crystals) develop in solidi-
fying silk, the formation of interchain hydrogen
bonds within sheets and of van der Waals or hy-
drogen bonds between sheets must be accompa-
nied by increased polarizability in both these
transverse directions. Given that the strongest
bonding is along the chains, that will be the di-
rection of highest polarizability. However, the dif-
ference between the longitudinal and transverse
polarizabilities will be smaller in the b-sheet re-
gions than in material consisting of aligned, un-
crystallized chains. Succinctly, increased posi-
tional order leads to decreased birefringence.

Therefore, both the sharpening of molecular
alignment and the degradation of ordered regions
during fiber drawing will contribute to increased
birefringence. The same two microstructural
changes addressed in this discussion have oppos-
ing effects on fiber stiffness. Increased orienta-
tional order will enhance the tensile modulus,
whereas the concomitant lower volume fraction of
ordered regions will diminish it. Experimental
evidence11,22 that the stiffness of silk is not sen-
sitive to fiber processing conditions will be re-
ferred to in the discussion herein.

Initial Birefringence of As-Collected MAS

Figure 3 shows the results of a typical control
experiment to monitor the birefringence of N.
clavipes MAS collected at 0.5 cm s21; in this case,
measurements were taken over an ; 2-year pe-
riod. The variation in birefringence is negligible;
any relaxation of molecular orientation or other
significant microstructural change would have
had to occur within the first few minutes after
silking. We can therefore be confident that the
results of our experiments are not sensitive to the
length of time for which the silk is stored prior to
post-spin drawing.

Figure 4(a,b) shows birefringence as a function
of post-spin drawing at engineering strain rates of
0.00033 s21 and 0.033 s21, for MAS collected at
0.5 cm s21. The silk used for compiling the two
parts of Figure 4 was obtained from different
spiders. Significantly different values of initial
birefringence are recorded: 0.038 and 0.047 in
Figure 4(a,b, respectively). This difference does
not imply a large random variability in the bire-
fringence of silk collected at a fixed rate, but is
principally a systematic variation that is linked to
the initial thickness of the as-spun silk: 5.0(3) mm
and 3.7(7) mm for the specimens characterized in
Figure 4(a,b, respectively). Parentheses around
the last significant digit in each thickness value
are a reminder that it represents a level of accu-
racy obtained by averaging and not by direct mea-
surement. Spinning at a nominally fixed rate
causes thinner fiber to experience a larger aver-
age shear stress23 and therefore to develop a
greater degree of molecular alignment, leading to
a higher value of birefringence. In experiments

Figure 3 Plot of birefringence versus time for MAS
reeled at 0.5 cm s21. Birefringence readings were taken
at ; 5 min, 1 h, 1 day, 29 days, 48 days, and 733 days.
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where MAS collected at increasing rates (0.5 cm
s21, 1.0 cm s21, and 2.0 cm s21) exhibited fortu-
itously similar thickness, the corresponding in-
crease in birefringence was marked (0.025
6 0.001, 0.033 6 0.001, and 0.041 6 0.001).24

Supporting results have been found over a wider
range of silking rates, using two different meth-
ods of birefringence characterization.16

Figure 5(a,b) shows the equivalent information
for MAS collected at 10 cm s21, again from two
different spiders. These two samples coinciden-
tally have an identical thickness of 3.1(4) mm; it is
therefore not surprising that their respective val-
ues of birefringence (0.056 and 0.055) differ by no
more than the error in measurement.

It is not possible to dependably predetermine
the initial thickness of as-collected silk. Even
though all spiders used in this study were ma-
ture, at a comparable stage in their development,
they produced MAS of widely differing diameters
due to different spinneret sizes. Also, spinnerets
are active devices, under the control of the spider.
Although spiders can be anesthetised before silk
is collected, it has not been proved that the phys-
iology of supramolecular self-assembly remains
unaffected, and anesthesia would, in any case, not
eliminate the effects of intrinsic variability in
spinneret diameter. We therefore cannot straight-
forwardly use absolute values of birefringence to
characterize the dependence of molecular order
on collection rate, and the rate and extent of sub-
sequent drawing. Instead, we have to concentrate
on the magnitude of the change in birefringence
when the as-collected silk is drawn.

Post-spin Drawing

For MAS collected at 10 cm s21 [Figure 5(a,b)],
birefringence is markedly more sensitive to strain
than in the case of material collected at 0.5 cm s21

[Figure 4(a,b)]. This observation holds at both of
the post-spin strain rates used. The birefringen-
ce–strain relationship is insensitive to strain rate
in the MAS collected at 0.5 cm s21; but, birefrin-
gence at a given strain is consistently and signif-
icantly higher for the 3.3 3 1022 s21 strain rate if
the fiber was reeled at 10 cm s21.

Spinning conditions therefore significantly af-
fect the level of microstructural anisotropy that
can be induced in silk fiber by subsequent draw-
ing. From electron microscopy,8 it is known that
the volume fraction and especially the size of
three-dimensionally ordered regions in MAS de-
creases as the collection/solidification rate in-

creases. The ability of the ordered regions to form
while fiber is spun depends on the extent to which
statistical matches can develop between adjacent
chains, which in turn depends on the opportunity
for chain mobility. As microstructural pinning by
ordered regions is reduced, it becomes increas-
ingly possible for subsequent drawing in the solid
state to enhance molecular alignment. A similar
principle lies behind the processes of superdraw-
ing and gel drawing to produce high modulus
polymer fibers,25,26 where superlative degrees of
alignment are achieved by limiting the initial in-
cidence of microstructural pinning. The overall
level of pinning will also affect susceptibility to
degradation of the pinning sites themselves. Com-
mercial solution spinning rates typically13 lie in
the range of 1300–1500 cm s21, and we expect
these values to apply as well to the spinning of
MAS analogs produced in bulk quantities via bio-
technological routes. Such rates are two to three
orders of magnitude greater than those that per-
tain to our present work. Extrapolating our re-
sults suggests that drawing fiber spun at com-
mercially economic rates should yield highly
anisotropic material. However, as will become ap-
parent in the next section, drawing-induced an-
isotropy relaxes more readily in fibers where the
microstructural pinning is less effective; also, en-
hanced anisotropy does not necessarily equate to
enhanced tensile stiffness.

We now consider the effect of post-spin draw
rate. As draw rate (which in all cases considered
is large, compared with microstructural relax-
ation rates) increases, so will the energy tempo-
rarily stored in the deformed microstructure. This
energy provides a driving force for solid-state mo-
lecular mobility, increasing molecular alignment
and degrading pinning centers. The sensitivity of
microstructural change to draw rate will be great-
est when pinning is least effective (i.e., for silk
acquired at the higher collection rate).

The degradation of ordered regions, regardless
of their degree of internal perfection, can be ex-
pected to result in a fall in fiber stiffness. On the
other hand, increased chain alignment in amor-
phous regions, as well as enhanced relative align-
ment of the remaining ordered regions, should
produce a rise in stiffness. This combination of
events leads to the interesting prospect of fiber
modulus remaining approximately independent
of macroscopic plastic deformation, while fiber
birefringence is an increasing function of such
deformation. It has been observed in the case of
Bombyx mori (silkworm) silk that, even following
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deformation close to the failure strain, the elastic
modulus is the same as it was before deforma-
tion.22 N. clavipes MAS reeled at 1 cm s21 exhib-
its tensile properties (including stiffness) that are
not statistically distinguishable from fiber reeled
at 10 cm s21 (see ref. 11). In fact, earlier evidence
suggests that this observation holds over an even
wider range of silking rates.18 Yet, the birefrin-
gence obtained from MAS fibers of similar thick-
ness varies significantly with collection rate.24

Permanence of the Birefringence Change Induced
by Post-spin Drawing

No changes in optical retardation or fiber thick-
ness were detected during the few minutes
needed to characterize birefringence immediately
after post-spin drawing. Constraining the length
of samples used for microscopy will help to retard
the rate of any microstructural relaxation. How-
ever, birefringence was observed to have de-

creased in those samples (all drawn to 15%
strain) that were characterized again 1 month
later. Figures 6 and 7, respectively, show data
obtained from the samples characterized in Fig-
ures 4 and 5. The two samples initially reeled at
0.5 cm s21 (Figure 6) show closely similar relax-
ation behavior, as do the two samples collected at
10 cm s21 (Figure 7).

We do not know how long it takes for the bire-
fringence of the drawn fibers to decrease to the
values measured 1 month later, but no further
decrease in birefringence is detected with the pas-
sage of time, even after several additional
months. The birefringence values in the right-
most pair of columns of Figures 6 and 7 therefore
relate to microstructures that have attained at
least metastable equilibrium at room tempera-
ture.

We have already referenced the fact that X-ray
diffraction reveals a sharpening of orientational
molecular order in response to post-spin strain-
ing.10 At the same time, we also noted the evi-
dence that strain reduces the size of the (most

Figure 4 Dependence of birefringence on strain and
strain rate, for MAS reeled at 0.5 cm s21 from two
different spiders. “Nails” indicate the positive half of
error bars.

Figure 5 Dependence of birefringence on strain and
strain rate, for MAS reeled at 10 cm s21 from two
different spiders. “Nails” indicate the positive half of
error bars.
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crystalline) ordered regions in MAS, and com-
mented that such degradation would be even eas-
ier in the case of the internally less well-ordered
NPL crystallites identified in silk.8 We cannot
envisage a mechanism of solid-state molecular
translation whereby the degraded crystals (or
NPL crystals) would be driven to reform after
straining. As a first approximation, we therefore
assign the permanent birefringence change to the
irreversible degradation of microstructural pin-
ning centers. The recoverable component of bire-
fringence change induced by drawing is assigned
to changes in molecular orientation. In this con-
text, weaker pinning is seen to allow a greater
permanent increase in birefringence (; 15% in
silk spun at 0.5 cm s21 versus ; 20% in silk spun
at 10 cm s21, in both cases after 15% strain);
meanwhile, there is no statistically significant
dependence on strain rate. The recoverable com-
ponent of birefringence increase is also greater for

the higher spinning rate, but does exhibit strain
rate dependence. The implication that molecular
orientation changes are more sensitive than deg-
radation of pinning centers, in regard to depen-
dence on strain rate, is unsurprising: the former
response does not require intermolecular bonds to
be broken.

From the point of view of processing, post-spin
plastic strain enhances microstructural and
therefore optical anisotropy, some of which is pre-
served. However, the increased anisotropy does
not necessarily herald an increase in tensile mod-
ulus. In fact, if the permanent component of bire-
fringence increase is principally due to degrada-
tion of ordered regions, there may even be a con-
comitant decrease in stiffness that would become
more evident with the relaxation of strain-in-
duced molecular alignment. In contrast to the
methods conventionally used to maximize stiff-
ness in synthetic polymers, our observations sug-

Figure 7 Birefringence as a function of mechanical
history, for MAS reeled at 10 cm s21 from two different
spiders. Data labeled “As spun” and “115% strain” are
repeated from Figure 5. “Nails” indicate the positive
half of error bars.

Figure 6 Birefringence as a function of mechanical
history, for MAS reeled at 0.5 cm s21 from two different
spiders. Data labeled “As spun” and “115% strain” are
repeated from Figure 4. “Nails” indicate the positive
half of error bars.
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gest that silk analogs should not be post-spin
drawn. The maximum stiffness will be obtained
by selecting a spinning rate that establishes an
optimum balance between overall molecular
alignment and internally ordered reinforcing en-
tities in the microstructure. Measurement of ther-
mal expansion, which does not require control or
measurement of sample diameter, show that this
optimum is achieved at spinning rates close to 2
cm s21 (see ref. 27). It has recently been shown28

that B. mori silk can be solubilized, spun into
fiber, and then hand-drawn after lengthy and con-
tinuous immersion in coagulant (swelling agent)
to generate molecular order resembling that
found in naturally spun material. It seems un-
likely, however, that centimeter-per-second rates
can form the basis of an economically viable pro-
cess. A more plausible approach might involve
spinning at typical commercial rates, followed by
providing a combination of temperature, chemical
environment, and stress that preserve chain
alignment while allowing molecules to form rein-
forcing crystalline or NPL regions.

SUMMARY AND CONCLUSIONS
1. The optical anisotropy of as-spun N. clavi-

pes MAS remains stable with time. No sig-
nificant microstructural changes occur in
the fiber after spinning.

2. The rate at which the silk is spun or reeled
affects several aspects of its microstruc-
tural and optical anisotropy:
a. Initial birefringence is an increasing

function of spinning rate, if the fiber
thickness is constant.

b. The rate at which birefringence in-
creases with post-spin strain is greater
in fiber spun at 10 cm s21, compared
with fiber spun at 0.5 cm s21.

c. The rate at which birefringence in-
creases with post-spin strain is sensi-
tive to the strain rate in fiber spun at
10 cm s21, but not in fiber spun at 0.5
cm s21.

d. The irrecoverable component of bire-
fringence change induced by post-spin
strain depends on the spinning rate,
but not on the post-spin strain rate.

3. The dependence of birefringence on spin-
ning rate, on the extent of post-spin
strain, and on post-spin strain rate can be
described qualitatively in terms of a sim-
ple microstructural model. The relevant

microstructural parameters are the over-
all degree of molecular orientation and
the extent of reinforcement by crystalline
or NPL regions. A quantitative model is
being developed.

4. Whereas increased birefringence correlates
with increased tensile stiffness in conven-
tional, synthetic polymer fibers, this is not
the case for silk: birefringence increases
with increasing silking rate between 0.5 cm
s21 and at least 10 cm s21, but stiffness
reaches a maximum within the same range
of silking rate, at ; 2 cm s21.

5. Processing silks and silk analogs econom-
ically for optimum fiber stiffness may not
be achievable via conventional industrial
routes of spinning followed by drawing. A
single, slow-spinning step as used by na-
ture would also seem uneconomic. Rapid
spinning, followed by thermochemical
treatment under load, may offer a neces-
sary alternative.

Silk samples reeled from N. clavipes spiders were
kindly provided by Keith Guess (University of Wash-
ington, Seattle, WA). We are grateful to Brian Williams
(University of Oxford) for technical support with the
Instron.

REFERENCES

1. Kaplan, D. L.; Adams, W. W.; Farmer, B.; Viney, C.
(Eds.). Silk Polymers: Materials Science and Bio-
technology; American Chemical Society: Washing-
ton, DC, 1994.

2. Thiel, B. L.; Kunkel, D. D.; Viney, C. Biopolymers
1994, 34, 1089.

3. Nguyen, A. N.; Moore, A. M. F.; Gould, S. A. C. In
Proceedings of the 52nd Annual Meeting of the
Microscopy Society of America/29th Annual Meet-
ing of the Microbeam Analysis Society; Bailey,
G. W.; Garrattreed, A. J., Eds.; San Francisco
Press: San Francisco, CA, 1994; p. 1056.

4. Vollrath, F.; Holtet, T.; Thøgersen, H. C.; Frische,
S. Proc R Soc Lond 1996, B263, 147.

5. Parkhe, A. D.; Seeley, S. K.; Gardner, K.; Thomp-
son, L.; Lewis, R. V. J Mole Recogn 1997, 10, 1.

6. Simmons, A. H.; Michal, C. A.; Jelinski, L. W. Sci-
ence 1996, 271, 84.

7. Thiel, B. L.; Guess, K. B.; Viney, C. Biopolymers
1997, 41, 703.

8. Thiel, B. L.; Viney, C. J Microsc 1997, 185, 179.
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22. Pérez-Rigueiro, J.; Viney, C.; Llorca, J.; Elices, M.
J Appl Polym Sci 1998, 70, 2439.

23. Bird, R. B.; Stewart, W. E.; Lightfoot, E. N. Transport
Phenomena; John Wiley & Sons, New York, 1960.

24. Viney, C.; Kerkam, K.; Gilliland, L. K.; Kaplan,
D. L.; Fossey, S. In Complex Fluids; Sirota, E. B.;
Weitz, D.; Witten, T.; Israelachvili, J., Eds.; Mate-
rials Research Society: Pittsburgh, PA, 1992; p. 89.

25. Prevorsek, D. C. Trends Polym Sci 1995, 3, 4.
26. Crist, B. Ann Rev Mat Sci 1995, 25, 295.
27. Guess, K. B.; Viney, C. Thermochim Acta 1998,

315, 61.
28. Trabbic, K. A.; Yager, P. Macromolecules 1998, 31,

462.

SPINNING RATE AND POST-SPIN DRAWING 903


